Introduction
There has been much interest in understanding the structural factors which control the binding of antifolate drugs to dihydrofolate reductase. X-ray analyses have provided detailed structural descriptions of the enzyme complexed with various inhibitors and with the substrate folic acid, while NMR studies have given information in solution about ligand -enzyme interactions, ionization effects and conformation changes.
In this communication we describe the use of the substrate folic acid selectively enriched with 13 C so that its carbon signals can be easily detected in the presence of the natural-abundance 13 C signals of the enzyme. Where bound and free ligand are in slow exchange, individual signals for the bound and free species are observed, and assignments of signals of the bound ligand (e. g. C6 vs C8a) may be made by using saturation transfer experiments. The changes in the 13 C chemical shifts of the carbons of a series of such isotopically enriched ligands observed on binding to the enzyme provide a picture of the changes in ionization state, structure and conformation. Furthermore, for the labelled carbons bearing a directly bonded proton, 2D and 3D NMR isotope 'editing' experiments on the enzyme -ligand complex may be used to obtain selective information about such protons.
Material and Methods

Lactobacillus
casei dihydrofolate reductase (DHFR) was isolated and purified from an Escherichia coli strain into which the L. casei enzyme gene has been cloned (1) . E. coli DHFR was purified from a strain of E. coli produced by mutagenesis of the DNA of the plasmid pJFM (2).
[2,4a, 6- 13 C]-and [4,7,8a,9-13 C]methotrexate were synthesized via the appropriately 99% 13 C-enriched 2,4-diamino-6-methylpteridine (3). The synthesis of [4,6,8a- 13 C]-and [2,4a,7,9-"C]folic acid was by an analogous method. Thus 13 C-enriched 2,4-diamino-6-methylpteridine was converted to its 9-bromo derivative which was reacted with diethyl p-aminobenzoyl-L-glutamate at 55 °C in Ν,Ν-dimethylacetamide in the presence of triethylamine. The resulting ,3 C-enriched aminopterin diethyl ester was treated under nitrogen with 1 M sodium hydroxide at 100 °C for 30 min, and the products were filtered hot.
13 C-enriched folic acid deposited upon acidification of the cooled filtrate was washed with ice-cold water and vacuum dried.
NMR experiments were carried out using Bruker AM500, Bruker WM 400 and Varían Unity 600 spectrometers on 0.5-1.0 mM solutions of enzyme at 281 °K and in 50 mM potassium phosphate buffer containing 100 mM potassium chloride. Chemical shifts were referenced to 0.1% external dioxane (67.35 ppm). (4, 5) these are designated as forms IIa (minor) and lib (major). As the pH was lowered to 5.2, these signals were progressively replaced by a set of three signals arising from form I. A similar result was obtained using [2,4,7,9- 13 C]folate at pH 5.6 and 7.3.
Results and Discussion
DHFR
The corresponding ternary complexes of the E. coli enzyme when studied over the pH range 4.9 -7.4 gave rise to only one set of carbon signals with chemical shifts very similar to those of form lib of the L. casei complex.
DHFR -folate binary complexes
The two sets of signals given by the binary complex of L. casei dihydrofolate reductase with [4,6,8a-13 C]folate (examined at pH 6.9 and 5.3) are similar in chemical shift to those of forms Ha and lib in the ternary complex, and are therefore similarly designated. At pH 7.0, the corresponding binary complex with [2,4a,7,9-13 C]folate again showed signals corresponding to forms Ha and lib. As the pH was lowered progressively to 4.9, the signal for C7 in form Ha broadened and shifted downfield even in the absence of free folate, a behaviour compatible with intermediate exchange involving a signal (not observed) of C7 in form I. For both the binary and the ternary L. casei complex, n C-'H HMQC experiments were used to correlate the 13 C shifts of C7 with the known (4) Ή shifts in forms Ha and lib.
The binary complexes formed from the E. coli enzyme again showed over the pH range 5.0 -7.5 only one set of carbon signals corresponding to form lib.
Orientation of the pteridine ring
13 C-'H HMYC-NOESY experiments confirm earlier work (5) characterising form lib as having the pteridine ring suitably oriented within the active site for stereospecific delivery of hydride from NADPH, and forms Ha and I as having a "methotrexate-like" orientation with the pteridine ring turned over by 180° about the C2-C4a axis. Thus the HMQC-NOESY spectrum of the ternary complex of L. casei DHFR and NADP + with [4,7,8a,9-13 C]methotrexate showed NOE connections between bound H7 and Leu 27 and Leu 19 methyl protons. The ternary complex with [2,4a,7,9- 13 C]folate at pH 5.5 showed an NOE connection to Leu 27 (CH 3 ) from bound H7 of form Ha (the "methotrexate-like" form). On the other hand, H7 of form IIb (the "active folate" form) showed a connection to Met 39 (CH 3 ).
Structure of the pteridine ring in bound folate
The chemical shift data of the six pteridine carbons for the various forms of folate bound to L. casei DHFR show differences which reflect changes in the tautomeric states. The data for the E. coli DHFR complexes and for form lib of the L. casei DHFR complexes are similar to those for free un-ionized folic acid at pH 5.5 suggesting firstly that these bound folate molecules exist as the keto tautomer which is that adopted by free un-ionized folic acid, and secondly that enzyme binding as such does not result in drastic chemical shift changes for the labelled 13 C nuclei. On the other hand, the data for bound folate in forms I and Ha of the L. casei DHFR complexes are similar to those for the enol form estimated from the data for the L. casei DHFR -methotrexate binary complex after allowing for substituent effects. The data suggest that in both form I and form IIa the pterin ring of folate exists as an enol tautomer.
